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Abstract: Following the first demonstration of a levitated
nanosphere cooled to the quantum ground state in 2020 [1],
macroscopic quantum sensors are seemingly on the horizon.
The nanosphere’s large mass as compared to other quan-
tum systems enhances the susceptibility of the nanoparticle
to gravitational and inertial forces. In this viewpoint we
describe the features of levitated optomechanics experi-
ments [2] and their proposed utility for acceleration sensing.
Unique to levitated nanospheres is the ability to implement
not only quantum noise limited transduction, predicted by
quantum metrology to reach sensitivities on the order of
10−15ms−2 [3], but also long-lived spatial superpositions
for enhanced gravimetry. This follows a global trend in
developing sensors, such as cold-atom interferometers, that
exploit superposition or entanglement. Thanks to significant
commercial development of these existing quantum tech-
nologies, we discuss the feasibility of translating quantum
optomechanics into applications.
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1 Introduction
Quantum mechanics is a cornerstone of modern physics,
and quantum behaviour, such as superposition and entan-
glement, have been extensively observed using subatomic
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particles, photons, and atoms since the early 1900’s [4]. A
global effort is now underway to take these existing quan-
tum experiments and devices out of the laboratory and
into industry, in a process dubbed the ‘second quantum
revolution’.
Technological advances are now enabling larger objects
to enter the quantum regime, with 2010 heralding the first
ground state cooling of the motion of a clamped human-
made object [5]. Operating in the quantum regime with free
or levitated particles allows the generation of macroscopic
quantum states, which enable greatly enhanced sensitiv-
ity to external forces. The state-of-the-art demonstration
of a macroscopic superposition is currently provided by
matter-wave interferometry with an engineered molecule of
mass beyond 25,000Da [6]. This year, the centre-of-mass
(c.o.m.) motion of a 143 nm diameter silica nanosphere, lev-
itated within an optical cavity, was cooled to its zero point
energy (average phonon occupancy < 1) using the cavity
optomechanical interaction [1]. Significant developments
in trapping, stabilisation and cooling techniques (see Sec-
tion 2) have enabled levitated systems to reach the quantum
regime (as shown in Figure 1), bringing researchers closer
towards generating macroscopic quantum states with solid
nanoscale objects.
A driving force for creating quantum states of larger
objects, beyond proving their feasibility, is to test theories
of gravity, which has so far presented itself as a classical
interaction [22]. It is unknown whether gravity acts as a
quantum interaction, or if in fact gravity is responsible for
wavefunction collapse. In the latter case, one extends the
Schrödinger equation non-linearly to account for gravita-
tional self-interaction, formalised in the Schrödinger-Newton
equation, which aims to define the timescale of wavefunction
collapse due to a superposition of two different spacetime
curvatures, whilst avoiding superluminal signalling [23, 24].
Non-linear modifications to the Schrödinger equation are
also studied in the continuous spontaneous localisation
(CSL) model [25], which aims to justify quantum wavefunc-
tion collapse by introducing a stochastic diffusion process
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Fig. 1: Experimental results for cooling of macroscopic systems. Minimum phonon occupation number is plotted against the sideband-
resolvability parameter 𝜔𝑚/𝜅. Blue solid line displays the minimum achievable phonon number using quantum limited passive cavity
cooling. Blue data points represents experiments relying only on passive cavity cooling. Red data points are results using squeezed light
to surpass the standard quantum limit imposed on cavity cooling. Purple data points present results using a feedback cooling scheme.
Orange data points show recent results of cooling levitated nanoparticles using coherent scattering in a cavity. Green dashed line shows
recent data of a nanoparticle feedback cooled in an optical tweezer using no cavity for cooling or read-out purposes. EPFL ’20: [7];
Vienna 2020: [1]; ETH 2020: [8]; ETH 2019: [9]; Delft 2019: [10]; Florence 2019: [11]; Copenhagen 2018: [12]; Boulder 2017: [13];
JILA 2016: [14]; Boulder ’11: [15]; Caltech ’11: [16]; EPFL ’11: [17]; MIT ’11: [18]; Cornell ’10: [5]; MPQ ’09: [19]; Vienna 2009: [20];
JILA 2008: [21];
driven by an unknown noise field that continuously coun-
teracts the spread of the quantum wavefunction. Through
experiment, these models can be verified to find bounds in
the maximum size of a quantum superposition, limited by
the scaling of either gravitational or noise induced decoher-
ence with mass [26–28]. The CSL effect would be practically
unobservable on the atomic level, but strongly amplified in
the much-larger mechanical oscillators used in optomechan-
ics. Many collapse models can be discounted by the sheer
act of observing matter-wave interference with increasingly
massive objects, such as levitated nanoparticles [29, 30].
For sensing applications, dense macroscopic systems of-
fer an enhanced sensitivity to acceleration, such that a single
quantum nanosphere is predicted to reach acceleration sensi-
tivities 105 times more sensitive than a cloud of cold-atoms
[3]. If used for navigation applications, this improvement in
sensitivity reduces the accumulated error in position caused
by double integrating a less noisy acceleration signal. Simi-
lar to cold-atoms, levitated nanospheres are also isolated
from environmental decoherence, resulting in long coher-
ence times for matter-wave interferometry and the ability to
perform free-fall experiments. Free-fall accelerometers are
particularly suited for gravimetry applications aimed at re-
solving the temporal and spatial fluctuations of gravitational
acceleration at the Earth’s surface, which can vary roughly
between 9.78ms−2 and 9.83ms−2 [31]. Through gravimetry,
one can directly infer information about sub-surface mass
distribution, including volcanic activity monitoring [32], ice
mass changes [33], subsidence monitoring [34], and the de-
tection of underground cavities [35]. The latter is of interest
to the oil and gas industry as well as the construction in-
dustry. Section 3 lists a range of quantum sensing proposals
involving levitated nanospheres suitable for these types of
applications.
2 Implementation
Macroscopic mechanical oscillators which are controlled
using light belong to a field of study called optomechan-
ics. Using an optical cavity can significantly enhance the
light-matter interaction. At the heart of all cavity optome-
chanical systems is a dispersive interaction where an optical
resonance frequency is shifted due to mechanical motion.
This governs the read-out of zero-point fluctuations and
subsequently any motion caused by forces acting on the
system. Before explaining the benefits of such a sensing
scheme, we first describe the main components of an op-
tomechanical system, and the variety of mechanical modes
and optical resonances employed by researchers.
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2.1 Typical features of cavity
optomechanics
In general, a cavity optomechanical system consists of three
main ingredients. Firstly, a mechanical mode, such as the
centre-of-mass (c.o.m.) motion of the end-mirror of a Fabry-
Perot cavity, as shown in Figure 2(A). It can also be
the c.o.m. motion of a levitated nanoparticle [36, 37], a
membrane [16] or a cantilever structure [38]. Levitated op-
tomechanics benefits from total environmental isolation [2]
whereas some clamped systems possess exceptionally high
frequency mechanical modes in the microwave frequency
range [39]. Typical c.o.m. oscillation frequencies of levitated
nanoparticles range from a few kHz to several hundred
kHz [1, 2, 37]. The c.o.m. mass of typical nanoparticles
varies from 10−19 kg to 10−16 kg [1, 2, 40]. 1
The second requirement is a cavity-confined optical
mode which is coupled to the mechanical oscillator. Fig-
ure 2(A) illustrates a resonant standing wave within a
Fabry-Perot cavity, which can be coupled to the motion of
the cavity end-mirror. Alternative optical modes include
the evanescent fields of whispering gallery mode [47] and
photonic crystal [48, 49] resonances, which can be coupled
to their own internal mechanical modes or to external me-
chanical oscillators. A narrow cavity resonance linewidth
𝜅 enables one to reach the ‘resolved-sideband regime’, as-
suming the mechanical frequency Ω𝑀 is larger than 𝜅. This
allows energy transfer between the optical and mechanical
modes in an anti-Stokes/Stokes process, enabling cooling
of the mechanical oscillator. A cavity is not necessarily re-
quired to reach the ground state [8], but a cavity provides
resonant enhancement in read-out and interaction strength,
thereby reducing the number of photons needed to inter-
act with the mechanical oscillator, improving the signal to
noise.
Thirdly, a sufficiently high optomechanical coupling
rate 𝐺 (in units of Hz/m) is required. This encodes the shift
in the optical cavity resonance frequency caused by the
motion of the mechanical oscillator. Large 𝐺 is required to
optically transduce, control or cool the oscillator, with the
highest 𝐺 obtained when the overlap between the optical
field and the displacement field is maximised [50], i.e. a
spatially confined optical mode.
1 For levitated systems, rotational and librational motion at
higher frequencies is also studied [41–45]. For clamped systems,
internal mechanical modes such as radial breathing modes, which
can possess GHz frequencies, are routinely used to demonstrate
near-quantum ground state preparation [19]. Higher order me-
chanical modes are also studied [46].
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Fig. 2: (A) Basic setup of an optomechanical interferometer
formed by coupling an optical mode to the mechanical motion
of the end-mirror of a Fabry-Perot cavity. (B) Schematic setup
for cavity cooling of a levitated nanoparticle using the coherent
scattering technique, as demonstrated in [1], where the cavity is
not directly pumped as it is in (A).
2.2 Ground state cooling
In this viewpoint, we focus on quantum enhanced sensing
using levitated systems. Below, we explain the coherent
scattering technique, as was used in the experiment of
[1], and how it enables cooling of the c.o.m. mode of a
macroscopic object to the ground state.
A macroscopic quantum state can be created by cooling
the c.o.m. motion of a nanoparticle levitated within a har-
monic potential, with a mechanical frequency Ω𝑚. The posi-
tion uncertainty of the particle is 𝜎𝑥 =
√︀
ℏ(1 + 2𝑛)/2𝑚Ω𝑚,
where the phonon occupancy 𝑛 is related to the c.o.m. tem-
perature 𝑇CM through 𝑛 =
√︀
𝑘𝐵𝑇CM/ℏΩ𝑚. When cooled
to the ground state, the particle has a position uncertainty,
or zero-point fluctuation, of 𝜎zpf =
√︀
ℏ/2𝑚Ω𝑚. If the par-
ticle is released from the levitating potential, this position
spread grows linearly in time. Considering typical param-
eters for a levitated nanoparticle of 𝑚 = 10−18 kg and
Ω𝑚 = 2𝜋× 105 rad/s, this yields 𝜎zpf ≈ 10−11m, requiring
hundreds of seconds of expansion until the quantum position
spread is as large as the particle, a reasonable definition of
a macroscopic quantum state. However, subsequent matter-
wave interferometry can be used to boost the size of the
quantum state [2], discussed further in Section 3.
Following the above discussion, the particle must be
initially cooled near to the ground state of the levitating
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potential. A range of passive and active cooling methods
to achieve this are described in multiple review papers
[2, 51], with many techniques such as side-band resolved
cooling derived from the cold atom community [52]. Here
we focus on describing the successful ground-state cooling
experiment of Delić et al. [1]. The experimental set-up uses
a technique called ‘coherent scattering’ [9, 53, 54] and is
shown in Figure 2(B).
The mechanical oscillator is the c.o.m. motion of a lev-
itated nanoparticle, and it is held within the optical cavity
using an optical tweezer, as shown in Figure 2(B). The
frequency of the oscillator is given by the optical poten-
tial provided by this single-beam gradient force trap. The
tweezer reduces the chances of losing the particle when
reaching ultra high vacuum, as compared to direct trapping
by the optical cavity field. The coupling strength is at its
highest when the particle is held at the cavity node.
The optical cavity is not pumped separately, rather the
trapping optical tweezer frequency is stabilized relative to
the cavity resonance using a weak beam which minimally
interacts with the nanoparticle. Light scattered out of the
tweezer field by the nanosphere then bounces off the cavity
mirrors and interacts coherently with the oscillator again.
Pumping of the cavity using only light scattered by the
nanoparticle is a key feature.
Consequently, each photon populating the cavity mode
interacts with the particle, increasing the optomechanical
coupling rate. As a result the quantum cooperativity 2 of
the experiment is well above 1000. To put this into per-
spective, a system with a quantum cooperativity bigger
than 1 has been a long pursued goal in levitated optome-
chanics and is the benchmark for entering the quantum
backaction regime [2]. A high cooperativity is also known
in cold-atom physics to produce a constant cooling rate for
cavity assisted molecule cooling in dynamical potentials [52,
55]. Compared to the general cavity cooling scheme [56],
the estimated improvement in cooperativity is 105-fold [57]
due to the coherent scattering procedure, with the added
benefit of a reduced cavity drive power.
One of the biggest challenges that previously prevented
ground state cooling is a method to circumvent heating due
to scattering and phase noise in the optical cavity. Phase
noise in the cavity field can be reduced by increasing optical
power, with the trade-off that scattering noise increases. In
the coherent scattering scheme, laser phase noise is almost
completely evaded since optimal cooling of the nanoparticle
2 The cooperativity is defined as a ratio of the optomechanical
coupling strength and the product of the optical and mechanical
decay rates.
occurs at the cavity node, where the intensity minimum of
the cavity standing wave is located. Thereby coupling to
phase noise is minimized and coupling to the electric field
of the cavity mode is enhanced [1]. Further noise reduction
involves a balance between increasing the optomechanical
coupling strength and decreasing the scattering noise, whilst
still ensuring the particle is stably levitated.
Finally, the coherent scattering cooling scheme is in-
herently multi-dimensional. Although in the current im-
plementation only one axis has been optimized for ground
state cooling, when rotating the trap accordingly full 3D
cooling is possible [9]. Varying the coupling of each c.o.m.
degree of freedom to the cavity by moving and turning the
scattering plane of the optical tweezer makes the coherent
scattering implementation flexible. In contrast, only one di-
mensional cooling can be achieved in cavity systems such as
Figure 2(A), where the static intracavity trapping potential
limits cooling along the cavity axis.
Recent theoretical work on how to treat the multi-
dimensional cooling dynamics illustrate apparent 3D hy-
bridisation effects in coherent scattering. These hybridising
pathways act as a road map to engineer displacement sensing
possibly surpassing the standard quantum limit (SQL) [58].
3 Inertial Sensing & Gravimetry
Macroscopic quantum objects offer significant sensing advan-
tages over their lower-mass cold-atom counterparts through
an enhanced coupling to inertial and gravitational forces.
Generally, the competitive edge of optomechanical sensors
can be summarised through two sensing strategies; quan-
tum limited transduction, and sensing which exploits ei-
ther superposition or entanglement, the features of the
so-called ‘second quantum revolution’. Levitation brings
environmental isolation, ensuring long coherence times to
perform sensitive measurements. For example, the coherent
scattering experiment achieves a coherence time of 7.6𝜇𝑠,
approximately 15 coherent oscillations before the ground
state is populated with 1 phonon [1], in comparison with
the coherence time of <40 ns for a clamped photonic crystal
nanobeam [16]
We will first discuss the limitations of continuous optical
transduction of the oscillator position before exploring the
use of spatial superpositions to extract a gravitationally
induced phase shift via matter-wave interferometry. We will
describe proposals that increase this phase shift through
coupling to spin, creating a spin-oscillator superposition
where gravity or acceleration is read out using the spin
state.
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3.1 Continuous optical sensing
The dispersive interaction between a mechanical oscilla-
tor and an optical resonance allows for continuous read-
out of the oscillator motion through probing the optical
field quadrature. When thermal motion is still present, the
acceleration sensitivity for frequencies below mechanical
resonance remains bound by 𝑎th =
√︁
4𝑘𝐵𝑇CMΩm
𝑚𝑄m
, where
𝑇CM is the cooled mode temperature, Ωm the oscillator
frequency and 𝑄m the mechanical quality factor. During
cooling, 𝑇CM decreases proportionally with 𝑄m, resulting
in no net change to the noise floor 𝑎th [59]. However, cooling
does reduce the classical thermomechanical noise at the me-
chanical frequency. With the mechanical oscillator prepared
in the ground state, an optomechanical measurement of
the position is no longer limited by thermal motion, but
by the zero point fluctuations and any noise from trans-
duction. The sensing sensitivity is now set by the standard
quantum limit (SQL) where backaction noise caused by
photon momentum kicks, and imprecision noise caused by
phase fluctuations contribute equally, yielding a displace-
ment readout sensitivity of 2× 𝜎zpf .
However, the SQL does not correspond to a fundamen-
tal quantum limit [60]. Methods to readout the mechanical
motion whilst minimizing or evading the effects of backac-
tion are known as quantum non-demolition measurements
(when the measured observable commutes with the system
Hamiltonian) such as that provided by a coupling to the
velocity of a free mass [61] or modification of the mechani-
cal susceptibility through engineering an optical spring to
establish a new SQL [62]. The SQL can also be surpassed by
monitoring only one of the two non-commuting quadratures
of the motion, known as a backaction-evading measure-
ment, which can squeeze either the optical or mechanical
quadrature using pulsed optomechanics [63].
3.2 Spatial superpositions for sensing
Superposition and entanglement are quantum effects, which
have no classical analogue. Entanglement enables exchange
of quantum signals between two oscillators at a distance,
whilst superposition enables the oscillator to be in a linear
sum of several motional states. When exploiting these effects
for inertial sensing and gravimetry, additional sensitivity or
resolution can be achieved. For example, multiple entangled
quantum nanospheres could be used for distributed sensing.
Such sensing schemes require additional experimental steps
beyond cooling to prepare the quantum state in either a
spatial superposition or spatial entanglement, and they also
require a measurement protocol. In this section we describe
a select number of quantum sensing proposals, now within
grasp, that could be performed on a quantum levitated
nanosphere.
An alternative to performing continuous transduction
of the quantum nanoparticle motion is to prepare the parti-
cle in a spatial superposition and then perform matter-wave
interferometry. To sense gravity would require the creation
of a coherent superposition, such that the superposition
is localized at two heights or regions of a varying local
gravitational field. The two amplitudes of the wavefunction
evolve under the Newtonian gravitational potential, result-
ing in a relative phase difference which is then measured
interferometrically. The phase difference is defined:
Δ𝜑 =
1
ℏ
𝑡∫︁
0
Δ𝑈𝑑𝑡 =
𝑡∫︁
0
𝑚𝑔Δ𝑧(𝑡) cos(𝜃)
ℏ 𝑑𝑡, (3.1)
where Δ𝑈 is the gravitational potential energy difference
across a vertical spatial separation Δ𝑧(𝑡), 𝑚 is the mass
of the oscillator, and 𝜃 the angle between the interferom-
eter and the direction of acceleration 𝑔 (here, defined by
local gravity). The integral
∫︀ 𝑡
0
Δ𝑧(𝑡)𝑑𝑡 is the path difference
between the trajectories of the two amplitudes of the wave-
function. For a trapped system, discussed in Section 3.2.2,
Δ𝑧(𝑡) is the maximum spatial superposition separation, lim-
ited by the period of the trap oscillation 2𝜋/Ωm. For an
oscillator under free-evolution, discussed in Section 3.2.3,
the particle wavefunction freely evolves for as long as it
remains coherent, enabling the creation of larger spatial
superpositions [64].
3.2.1 Optically preparing spatial superpositions
Generation of a superposition requires a non-linear interac-
tion. To prepare a spatial superposition in an optical cavity
a strong quadratic coupling to motion governed by 𝑔2 ?^?2, or
a strong single-photon coupling utilising the non-linearity
of the radiation-pressure interaction, is required [64]. For
example, by using a laser pulse interaction that measures ?^?2
via a homodyne measurement. This provides information of
the nanosphere position relative to the cavity centre, but
not the offset direction (left or right), creating a spatial
superposition similar to a double slit. Technically, it is chal-
lenging to create either a strong linear or a strong quadratic
optomechanical coupling.
Alternatively, superposition can be generated by en-
tangling a photon with a modified optomechanical Michel-
son interferometer formed by adding an additional Fabry-
Perot cavity at the unused port of the beamsplitter in
Figures 2(A,B). A superposition of the two optical cavity
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modes is formed by the beamsplitter interaction such that,
without measurement, the photon enters both cavities at
the same time. The radiation pressure of this photon causes
a deflection of the mechanical oscillator of approximately
the zero-point motion, thus creating a mechanical superpo-
sition where the mechanical oscillator is unperturbed and
perturbed [65].
3.2.2 Spatial superpositions through coupling to spin
A non-linear interaction can also be mediated by a two-level
system. In contrast to measuring the nanoparticle position
through the phase modulation of the optical cavity field, or
through generation of matter-wave interferometry, coupling
the motion to a two-level system enables readout through
the two level state. The advantage of this method, which
relies on discrete variables such as spin, is an immunity
to motional noise which relaxes the need for ground state
preparation. For example, many levitated nanosphere pro-
posals that utilise spin only require a thermal state with
moderate cooling. In general, because discrete variables
allow the use of heralded probabilistic protocols, they also
benefit from high fidelity and resilience to background noise
or detection loses.
Proposals combining levitated particles with two level
systems include levitated nanodiamonds with an embedded
nitrogen-vacancy (NV) centre with an electron spin [66–69],
and a superconducting ring resonator coupled to a qubit
[70]. Here, we consider stationary spatial superpositions
of a levitated nanoparticle oscillator with embedded spin,
which remains trapped by an optical tweezer throughout
the sensing protocol, as illustrated in Figure 3A. The spin is
manipulated by microwave pulses; the first pulse introduces
Rabi oscillations between the spin eigenvalue states 𝑆𝑧 = +1
and 𝑆𝑧 = −1, such that when a magnetic field gradient is
applied this delocalizes the oscillator wavepacket. This spin-
dependent spatial shift is given by ±Δ𝑧 = 𝑔nv𝜇B𝐵z
2𝑚Ω2
, where
𝐵z is the magnetic field gradient along the z-direction, which
is the same direction that gravity acts in [68, 70]3, 𝑔nv ≈ 2
is the Landé 𝑔 factor and 𝜇𝐵 is the Bohr magneton. This
effectively splits the harmonic trapping potential, creating
a spatial superposition with equilibrium positions governed
by a spin-dependent acceleration. The spin-oscillator sys-
tem now has states |+1⟩ and |−1⟩ in different gravitational
potentials, accumulating a relative gravitational phase dif-
ference. The phase measurement at 𝑡0 = 2𝜋Ω𝑚 is given by
3 A spatial superposition can be prepared at an angle 𝜃 to the ac-
celeration force by tilting the applied magnetic field direction [67]
[67]:
Δ𝜑 =
16ΛΔ𝜆𝑡0
ℏ2Ω𝑚
(3.2)
where Δ𝜆 = 12𝑚𝑔 cos(𝜃)𝜎zpf is the gravity induced dis-
placement, 𝜃 the angle between the applied magnetic field
gradient 𝐵z and the direction the nanosphere is acceler-
ated (denoted here as local gravity 𝑔), and 𝜎zpf the zero-
point fluctuations. The spin-oscillator coupling is given by
Λ = 𝑔nv𝜇B𝐵z𝜎zpf , with 𝑔nv and 𝜇B defined previously. This
phase difference can be measured by applying a microwave
pulse that probes the population of the spin state 𝑆𝑧 = 0
via 𝑃0 = cos2(Δ𝜑2 ).
The maximum spatial superposition 4 in the direction of
gravity is given by Δ𝑍 = 2 𝑔nv𝜇B𝐵z
𝑚Ω2𝑚
which tends to be much
smaller than the physical size of typical nanodiamonds [66,
67]. This makes levitated sensing schemes unfriendly for
resolving gravity gradients without the use of surveying or
arrays.
3.2.3 Free-fall measurements
Releasing the nanoparticle from the trap, such that it under-
goes free-fall, allows its wavefunction to evolve, increasing
the position spread linearly in time. The ability to perform
such a drop-test is unique to the levitated platform amongst
optomechanical systems. Free-fall acceleration sensors are
known as absolute gravimeters because they give a direct
measure of gravity in units of ms−2 traceable to metrologi-
cal standards. Relative gravimeters are masses supported
by a spring, for example, the stiffness of a cantilever or
the optical trapping of a nanosphere. One must calibrate
relative gravimeters by measuring the stiffness of the spring
and placing the instrument in a location with a known grav-
itational acceleration. Absolute gravimeters are therefore
required to calibrate relative ones.
Perhaps the most recognisable free-fall quantum mea-
surement is the double slit experiment, with a particle falling
through a diffractive element. This can be recreated with
a nanoparticle launched ballistically, with two additional
cavities positioned vertically along the free-fall path. The
first is used to apply a laser pulse at time 𝑇 that measures
the square of the position via a homodyne measurement
to create a vertical spatial superposition. After the super-
position evolves for a further 𝑇 seconds, the second cavity
is used to measure the particle’s c.o.m. position such that
4 The path trajectory of each wavepacket is given by 𝑧±(𝑡) =
±Δ𝑧(1−cos(Ωm𝑡))+ 𝑔Ω2m , where
𝑔
Ω2m
is a shift in the equilibrium
position of the non-localised particle due to the force of gravity,
𝑔.
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Fig. 3: Spin-oscillator coupling has been proposed as a gravimetry
technique, whereby a spatial superposition is created through the
interaction of an embedded two-level-system such as a nitrogen-
vacancy (NV) centre with an external magnetic field gradient.
Variations of (A) has been proposed in [66–68] A microwave pulse
can be applied to split the spin states of the internal NV center in
a trapped quantum nanosphere (i), which in turn creates a spatial
superposition that can be viewed as the splitting of the optical
trap (ii) into a superposition (iii). Note that the cavity is used to
prepare the nanosphere in the ground state and can be switched
off during (ii and iii) (B) Allowing for free evolution increases the
spatial size of the superposition, created and probed in a Ramsey-
type interferometer, as proposed by [71]. Here, the coupled NV-
nanosphere superposition is prepared with a microwave (MW)
pulse at time 𝑡1, undergoing free-fall until the spins are flipped at
𝑡2 to enable matter-wave interferometry at 𝑡3.
after many iterations, an interference pattern is formed.
The effect of gravity is to introduce a vertical shifting of the
entire interference pattern on the screen by 𝛿𝑦 = 𝑔2 (2𝑇 )
2. If
one arm of the superposition experiences a differing force to
the other, i.e. due to a slight difference in the gravitational
field, this also has a shifting effect on the intereference pat-
tern [72, 73]. However, creating a clear interference pattern
requires many repeated launches of the same nanoparticle,
requiring capture and launch techniques more mature than
currently achieved, discussed in Section 3.4.
For detecting transverse accelerations, i.e. to detect a
nearby object placed perpendicular to the force of gravity,
one can use a Talbot interferometer scheme proposed in [74].
In a Talbot interferometer, a light pulse grating is applied to
a free-falling quantum nanosphere, causing the nanosphere
to diffract and interfere with itself. This creates an image of
the grating at a distance defined by the Talbot length, and at
every integer of the Talbot length. At half the Talbot length
the interference pattern is phase shifted by half a period.
By positioning an object adjacent to the free-fall path at
a distance < 10𝜇m, one can probe the gravitational force
produced by the object based on the transverse shift of the
interference pattern. A sensitivity of 10−8ms−2 is predicted
for a sphere 13 nm in diameter where a phase difference of
Δ𝜑 = 𝜋 corresponds to an acceleration of 4 × 10−6ms−2.
The fringe pattern shift is given by 𝛿𝑥𝜑 = −𝑎𝑇 2𝑡 where 𝑎 is
the transverse acceleration and 2𝑇𝑡 is the total flight time
where 𝑇𝑡 is the Talbot time. Alternatively, one can avoid
using matter interferometry, and instead, directly measure
the shift in the nanosphere position caused by transverse
acceleration 𝛿𝑥 = 𝑎𝑡
2
2 . This can be achieved by dropping
the nanosphere ballistically, such that after 𝑡 seconds, it
falls into a cavity which then measures its shifted position.
The sensitivity obtained for this ballistic scheme compared
to the interferometric measurement scales with 𝜒𝜎v𝑡𝑑 , where
a decrease in 𝜒, the fringe contrast, or an increase in 𝑑,
the grating period, will reduce the advantage of the Talbot
scheme over the ballistic one. The spread of the position in
the ballistic setup, given by 𝜎v𝑡 =
√︁
ℏΩm
2𝑚 𝑡, grows during
the free-fall time, contributing to the uncertainty in 𝛿𝑥.
This is another reason why the Talbot scheme is more
sensitive. In contrast, the initial momentum spread from
the zero-point fluctuations in the Talbot setup does not
influence the position of the interference fringes, instead,
only affecting the envelope. One cannot easily conclude
which scheme surpasses the other for varying parameters
such as increasing the mass, as this can result in a reduction
of the time of flight due to decoherence. For example, with
a nanosphere 200 nm in diameter, similar to the nanosphere
ground state cooled with coherent scattering, the authors
predict 10× improved sensitivity using a ballistic setup over
a Talbot measurement using a much smaller sphere ≈ 12 nm
in diameter [74].
Lastly, the levitated spin-oscillator Ramsey interferome-
ter scheme shown in Figure 3A, can be modified for free-fall
evolution, as shown in Figure 3B. Due to the long coherence
time of spin states, the superposition persists even if the
oscillator does not remain in a pure coherent state. The
scale of the superposition is controllable through flight time
and/or magnetic field gradient such that the acquired phase
is given by [71]:
Δ𝜑 =
1
16ℏ𝑔nv𝜇B𝐵x𝑔𝑡
3
3 cos(𝜃), (3.3)
where 𝑔nv, 𝜇B are defined as above, 𝜃 is the angle between
the applied magnetic field 𝐵x and the direction of the grav-
itational acceleration 𝑔 and 𝑡3 is the total free-fall time (i.e.
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when the wavepackets merge and interfere). In contrast to
the levitated Ramsey scheme, equation 3.3 does not de-
pend on the mass, and an additional microwave pulse is
required at time 𝑡3 to reverse the propagation direction of
the superposed wave packets. This pulse flips the spin state
such that the spin dependent force will reverse. The split
wavepackets eventually merge and interfere. The measure-
ment time 𝑡3 is therefore unconstrained, and can be on the
order of milliseconds, enabling spatial superpositions span-
ning 100 nm, over 103 times larger than if the nanoparticle
was levitated [71], and comparable in scale to the size of the
particle. The maximum spatial separation along the tilted
𝑥-axis is Δ𝑥𝜃 = 2
𝑔nv𝜇B𝐵x
2𝑚 (𝑡3/4)
2, at 𝑡 = 𝑡3/2. Currently,
the coherent scattering ground state cooling experiment is
estimated to achieve a maximum oscillator coherence time
of 1.4𝜇𝑠 in free-fall, limited by background pressure, which
only allows for an expansion of the wavepacket from 3.1 pm
to 10.2 pm [1]. Further progress will require deep vacuum
environments and likely cryogenic operating conditions.
3.3 Comparison
Table 1 shows a comparison of the predicted and achieved
acceleration sensitivities obtained by quantum and clas-
sical research sensors, alongside the current commercial
state-of-the-art. We focus on devices which are suitable for
gravimetry but would need to be used in a flywheel opera-
tion with a classical inertial measurement unit (IMU) for
navigation applications. The latter requires sampling rates
above 100Hz, incompatible with the time of flight used in
free-fall experiments or the pulse sequence needed for Ram-
sey interferometry. Flywheel operation uses a classical IMU
to provide inertial measurements in-between this deadtime,
and is used by cold-atom inertial sensor prototypes [75]. In
turn, the quantum measurement, which is less susceptible
to drift, is used to reset the growing errors accrued by the
IMU. The achievable sensitivities across all types of sen-
sors are comparable, which is unsurprising considering the
majority are operated classically, where optimisation of the
detection noise and/or effective mass can still significantly
improve sensitivity at the cost of bandwidth. However, all
current sensors struggle to surpass a sensitivity better than
10−9ms−2.
An interesting question is: what sets the fundamen-
tal limit in sensitivity at the quantum level? The field of
quantum metrology seeks to find these fundamental limits
through use of quantum Fisher information (QFI) which is a
metric of intrinsic accuracy, and only depends on the input
state. It is formally defined via the Cramér-Rao bound as
the inverse of the variance of a measurable property, in this
System Achieved sensitivity (ms−2Hz−1/2)
Free-fall cube mirror† 1.5× 10−7 (10−9ms−2 in 6.25hr)[78]‡
Atom interferometer 4.1× 10−7 (5× 10−8ms−2 in 100s)[79]
On-chip BEC 5.2×10−8 (7.7×10−9ms−2 in 100s)[80]
Lev. optomechanics† 4× 10−6 (6.9× 10−9ms−2 in 3.8hr)[81]
Lev. optomechanics† 9.3× 10−7 [82]♣
Opto-MEMS† 7.9× 10−9 [83]
Capacitive-MEMS† 3× 10−9 [84]
System Proposed sensitivity (ms−2Hz−1/2)
Trapped cold-atom* ×10−10
Lev. optomechanics* ×10−15
Lev. spin-mechanics 2.2× 10−8 [70]
Talbot optomechan-
ics
×10−8 [74]
Tab. 1: Table showing the achieved and predicted acceleration
sensing sensitivities among various types of accelerometer where
’lev.’ denotes levitated experiments, BEC is a Bose Einstein Con-
densate, and MEMS are micro-electro-mechanical systems. †
denotes classical measurements, noting that capacitive MEMS do
not currently operate in the quantum regime and optomechanical
devices have only recently entered the quantum regime. ‡ is the
value from LaCoste’s brochure whereas 5.6× 10−7ms−2 Hz−1/2
was measured in the laboratory [85]. ♣ indicates the sensitiv-
ity whilst the c.o.m. temperature of the oscillator is cooled to
50𝜇K [82]. * is the predicted sensitivity using classical Fisher in-
formation assuming a homodyne detection scheme, obtaining a
sensitivity close to that predicted by quantum Fisher information
[3].
case, phase. A high QFI ensures greater precision. The QFI
cannot reveal the underlying measurement protocol to ob-
tain such limits, but one may test a measurement protocol
by computing its associated classical Fisher information
(CFI). The CFI takes into account both the input state and
the extractable information from the measurement scheme,
and may or may not meet the QFI bound [76, 77]. In [3] the
CFI for a homodyne measurement of a quantum levitated
nanosphere using continuous optomechanical transduction
is calculated, which they compare with the CFI for a typical
atom interferometry setup. Over five orders of magnitude
improvement in sensitivity is predicted for a levitated op-
tomechanical oscillator versus a cloud of 105 atoms, shown
in the lower portion of Table 1. This clearly highlights
the potential competitive advantage in quantum levitated
optomechanics, including the relative ease in preparing a
single macro-sized object over a dense cloud of atoms.
3.4 Road to commercialisation
For some time the optomechanics community has been
prototyping classical accelerometers [59, 81, 82, 86–89]. Such
sensors rarely require the level of environmental isolation
..., ... 9
needed for long-lived quantum state preparation. Once the
community is able to repeatedly demonstrate quantum
state preparation of levitated nanospheres, now possible
with coherent scattering techniques, they should use the
advancement of commercial cold-atom interferometers as a
roadmap for developing application-ready tools.
Common to both quantum optomechanics and cold-
atom interferometry is the need for ultralow and stable
vacuum pressures, preferably at 10−12mbar or below, to
prevent collisions with background gas molecules. Lowering
the environmental temperature using cryostat technologies
reduces the influence of thermal heating, although this is
more crucial for clamped optomechanics experiments using
cantilevers, membranes or MEMS structures, since levita-
tion minimizes thermal contact with the environment. For
the coherent scattering setup, they measure background
collisions as their largest source of decoherence when at a
pressure of 10−6mbar, requiring 10−11mbar and cryostat
temperatures below 130K to sustain a wavepacket on the
order of the particle radius [1]. The stability of the pressure,
ambient temperature, and laser frequency and intensity
require consideration, as these may be sources of decoher-
ence or drift that skew or washout the measured signal.
Shot-noise limited laser sources are best suited.
Any vibrational noise in the components will also cre-
ate errors, with vibrations at low frequency the most criti-
cal. A baseline vibrational stability of nmHz−1/2 is recom-
mended [74], achievable with modern commercial cyrostats.
Another source of mechanical error is misalignment. For
example, a vertical tilt when measuring gravity will create
an offset, characterised as noise if the alignment varies per
shot. Tilt fluctuations no higher than 0.5𝜇radHz−1/2 are
recommended [74].
Unique to levitated optomechanics is the need for a
launch and recapture method, since nanospheres are not
indistinguishable like atoms. So far, loading at low vacuum
pressure has been achieved through (i) momentum imparted
by either a piezo-speaker [40] or a laser induced acoustic
shock of a wafer covered by tethered nanorods [90], (ii)
electrospray injection of particles [91], or (iii) conveyor-belt
loading using optical [92] or electrical forces [91]. Reliable
recapture of a levitated nanosphere still remains a technical
challenge, but can be built upon successful proof of principle
demonstrations [93]. Alternatively, sourcing nanospheres
with high reproducibility enables continuous injection of
particles, where a in-situ calibration could be performed
to account for size variances. Nanoparticles also vary in
their surface charges, requiring shielding from stray electric
fields to avoid dephasing from Coulomb force interactions.
Recently, it was demonstrated that levitated particles could
be discharged using a high voltage wire that ionizes residual
gas molecules, adding charges to environment [94]. Single
elementary charge precision was achieved, which would
enable zero net charged nanoparticles to be prepared when
starting with a mixture of the number of charges [95].
Lastly, all sensors must pass certain environmental test-
ing conditions to be deployed for space/aerospace, military
and metrology use. These include high electromagnetic inter-
ference protection levels, operational temperatures between
-40𝑜C to +85𝑜C and shock resistance (in some cases, up
to 20,000ms−2). Testing is conducted in shake and bake
chambers that apply acceleration whilst cycling the ambient
temperature defined by standards such as those used by the
military (MIL-STD), aerospace (DO) or consumer use (CE
marking in EU) [96]. Those who perform these tests must
also obtain certification that they meet the requirements
governed by the International Organization for Standard-
ization (ISO). Reduction in size, weight and power (SWaP)
alongside cost are also factors that require involvement with
supply chains and industry. Through global quantum tech-
nology initiatives, such collaborations are already underway,
resulting in miniature vacuum chambers and chipscale ion
traps [97–99] developed for cold-atoms, and miniaturised
quantum sources of light [100] on chip-scale photonic in-
tegrated circuits developed for quantum computing. Pre-
liminary feasibility studies have also been carried out in
partnership with the European Space Agency to mature
the supporting technologies needed to implement macro-
scopic state preparation and interferometry using levitated
nanospheres in space [101].
4 Outlook
In this viewpoint we have reviewed proposals that aim to
implement acceleration sensing using spatial superpositions
of quantum levitated nanoparticles. Performing macroscopic
matter interferometry is now tantalisingly close with the ad-
vent of coherent scattering techniques, used to successfully
cool a 143 nm diameter sphere to the ground state for the
first time [1]. A new regime of quantum levitated optome-
chanics is upon us, 10 years after the first clamped human-
made object was cooled to the ground state [5, 102]. The
potential advantage of using a macroscopic quantum test-
mass has been theoretically predicted using quantum and
classical Fisher information analysis; 5-orders of magnitude
improved sensitivity is expected over existing cold-atom
sensors. Although such predictions do not reflect technical
feasibility, a potential demonstration of second generation
quantum sensing using optomechanics is certainly on the
horizon.
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Similar to cold-atoms, there are a variety of quan-
tum sensing protocols proposed in levitated optomechanics
whereby the oscillator either remains trapped or under-
goes free-fall to enable larger spatial superpositions and
averaging times. Many challenges for field-testing free-fall
quantum sensors are already being solved by the commer-
cial development of cold-atom interferometers, backed by
significant funding from governments and industry across
the world [103]. Unique to levitated optomechanics are chal-
lenges in reproducible and reliable launch, capture, and
characterisation of nanoparticles with size variations, or,
the fabrication of near-identical nanoparticles.
At the time of writing, the UK, the EU, the US, China,
Russia and Canada have or will be committing over £1B
each to their respective quantum technology initiatives [104].
Although quantum optomechanical sensors may not mature
at the same rate as other quantum technologies, progress
is undoubtedly linked to the successful commercialisation
of existing cold-atom sensors or quantum communication
devices. These disruptive technologies share common goals,
similar routes to market, and interchangeable subcompo-
nents. We call upon the wider scientific community for
increased cross pollination of resources and methods, wider
engagement with industry, and global collaborations.
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